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ABSTRACT 
 
 
This senior project discusses the design, construction, and evaluation of an irrigation 
scheduling program that aids users in alfalfa irrigation management, with the potential for 
application with other crops. The program uses a very accurate irrigation prediction 
model that forecasts what the estimated irrigation need of each week will be, as well as 
the number of irrigations needed to satisfy the requirement. The model was found to 
predict the sum of the actual required weekly irrigation amount within less than 1% of the 
true value. The program was based off the single crop coefficient approach that was 
outlined previously by the work of Allen et al. (1998). The developed program was tested 
against a real irrigation scenario that occurred during 2010 in Palmdale, CA. The 
irrigation system that was used applied effluent water to the alfalfa hay with a center 
pivot sprinkler system. The results from the testing and evaluation of the program showed 
that the average crop coefficient for the entire year using the single crop coefficient 
produced a value that was only 2% greater than the standard that was calculated using the 
dual crop coefficient approach. The system is based in Microsoft Excel and focuses on 
being user-friendly for any farmer or irrigation manager. 
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The university makes it clear that the information forwarded herewith is a project 
resulting from a class assignment and has been graded and accepted only as a fulfillment 
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own risk, which may include catastrophic failure of the device or infringement of patent 
or copyright laws. 
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INTRODUCTION 
 
 
Background 
 
California has been the largest agriculturally producing state for many years (AFT, 2012). 
Since producing crops inherently means using water, many political and social issues 
have arisen from the amount of water that California agriculture consumes annually. 
Also, government agencies have increased the amount of regulation and monitoring 
devoted to agriculture. Therefore, it is imperative that water use efficiency increase 
within the farming community in order to not only meet regulatory requirements, but also 
to increase crop yield and maximize profit. 
 
Over the years, scientists and researchers have learned effective ways to estimate crop 
water use using different methodologies. Despite increased research and improved 
methodology, implementation has been restricted since many users have limited 
experience or understanding of the scientific principles involved in crop water use. 
Therefore, a great need exists to increase the likeliness of the implementation of irrigation 
scheduling. 
 
The purpose of developing an irrigation scheduling program is to provide farm managers 
with a tool that will help keep track of crop water usage, and inform them when and 
approximately how much to irrigate. Within the program, crop water use was estimated 
using methods and techniques developed from Allen et al. (1998), with the addition other 
applicable techniques found from the literature search. 
 
Objective 
 
The program was developed using the single crop coefficient approach. This approach is 
advantageous for farms that use flood irrigation, where it is too difficult or even 
impossible to obtain the necessary data required when estimating crop evapotranspiration 
(ETc) with more sophisticated methods.  
 
The program served as an intermediate between a highly sophisticated approach, and an 
extremely basic approach. This is because the program not only incorporated averaged 
crop coefficients, but also made daily adjustments to the crop coefficients by 
incorporating daily weather data from California Irrigation Management Information 
System (CIMIS) stations. For California users, this not only ensured a user-friendly 
system, but also provided high measurement accuracy for the necessary calculations.  
 
In order to make the program usable for a variety of users, the design of the program 
provided a user-friendly interface that allowed anyone to use the program for irrigation 
scheduling. The program took a special interest and consideration for alfalfa hay, which 
is the most popular and important forage crop grown in California (Orloff and Carlson, 
1995). The program was found to be very useful to irrigators and farm managers because 
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predictions and estimates were made to determine the number and duration of irrigation 
events needed over time. 
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LITERATURE REVIEW 
 
 
Background 
 
A search was initiated to identify cases where computer-based irrigation scheduling was 
implemented. Because computers have been available for use since the late 70’s, there 
have been several years of development and advancement with computer-based irrigation 
scheduling. The purpose of this search was to collect valuable information regarding not 
only the effectiveness of computer-based scheduling, but also the likeliness of its use 
within the farming community. The literature served to allow a greater understanding of 
estimating crop evapotranspiration (ETc) using the single crop coefficient vs. the dual 
crop coefficient. A special emphasis was made for one of California’s most important and 
popular grown forage crops, alfalfa hay (Orloff and Carlson, 1995).  
 
Estimating Crop Water Use 
 
History. Bausch and Neale (1987) documented that Briggs and Shantz (1914) were 
among the first individuals to relate plant growth to transpiration. They found that some 
specific factors that influence evapotranspiration from a plant/soil surface are: plant 
species, plant population and height, row spacing and orientation, rooting depth and 
extent, light interception, and stage of growth.   
 
Bausch and Neale (1987) also documented that the concept of the crop coefficient (Kc) 
for estimating ET of field crops was first proposed by van Wijk and deVries (1954) and 
later developed by Jensen (1968). Crop coefficients are usually expressed as a ratio of the 
ET of a crop under consideration to the ET of a reference crop, which is traditionally 
alfalfa or grass (Bausch and Neale, 1987). They also stated that generally, crop 
coefficients represent an average condition in the field between a wet and dry soil surface 
without soil water limitations in the crop root zone. 
 
Reference Evapotranspiration. In order to compute ETc, both the Kc and ETo (reference 
crop evapotranspiration) must be determined. Allen et al. (2005) defined reference 
evapotranspiration as the rate at which readily available soil water is vaporized from 
specified vegetative surfaces. In their report, they stated that the ETo should be estimated 
from a uniform dense surface that has a specified height and surface resistance, no plant 
stress, and represents an expanse of at least 100m in any direction of the same or similar 
vegetation. They also agreed with Bausch and Neale (1987) that the referenced vegetative 
surfaces are usually either grass or alfalfa. When the ETo is combined with a particular 
Kc, the ETc can be calculated using Equation 1 below: 
 
 ETc = ETo * (Kc * Ks)         (1) 
  
Where: 
ETc = Crop evapotranspiration 
ETo = Reference crop evapotranspiration 
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Kc   = Crop coefficient 
Ks   = Water stress coefficient  
 
The degree of accuracy of ETc is dependent on many factors that will be discussed in a 
later section. A sizable need exists for the ETo to be accurate and reliable. Many ETo 
models have been developed over the years. In a study, George et al. (2000) showed that 
several methods can be used to compute ETo including: CIMIS, Penman-Monteith, and 
Hargreaves. Allen et al. (1998) stated that methods such as: Blaney-Criddle, radiation, 
modified Penman, and pan evaporation can also give reasonable estimates for ETo for 
users with different data availabilities. However, they recommend that when necessary 
data is available, the FAO Penman-Monteith method should be used solely for 
calculation of ETo. Allen et al. (2005) showed that the ASCE also uses the FAO Penman-
Monteith ETo equation for estimating crop water use (referred to as the ASCE 
Standardized Penman-Monteith equation).  
 
Single Crop Coefficient Approach. One way to estimate ETc is by using the single crop 
coefficient approach. Above, Equation 1 represents the calculation procedure for ETc, 
accounting for a soil water stress coefficient (Ks). With this approach, the Kc incorporates 
averaged wetting effects due to irrigation and precipitation events. The value of the Kc for 
a given crop can vary throughout its growth from changes in vegetation and ground 
cover. The different Kc’s consist of Kc ini, Kc mid, and Kc end. Generally, the value of the Kc 
will increase from Kc ini to Kc mid, then will eventually decrease from Kc mid to Kc end due to 
cultural practices or climate changes. According to the methodology outlined by Allen et 
al. (1998), Kc ini can be adjusted to account for wetting frequency, evaporation power of 
the atmosphere, soil type, and irrigation event magnitude. They also stated the Kc mid and 
Kc end values can be adjusted to match field conditions by taking into account the actual 
minimum relative humidity (RHmin), the mean wind speed at 2 m above the ground 
surface (µ2), and the mean crop height during the mid and late-season growth periods (h). 
 
The crop coefficients described above are used to represent actual crop conditions, which 
are then related to a reference crop evapotranspiration rate in order to produce the actual 
crop evapotranspiration rate.  
 
Dual Crop Coefficient Approach. The dual crop coefficient approach determines crop 
transpiration and soil evaporation independently (Allen et al. 1998). Bausch and Neale 
(1987) documented that Wright (1982) first introduced the idea of a basal crop coefficient 
in which the soil evaporation component is considered separately when finding the Kc. 
Below, Equation 2 shows the variables involved in the contemporary computation: 
 
Kc = (Ks * Kcb) + Ke         (2) 
 
Where: 
Kc  = Crop coefficient 
Kcb = Basal crop coefficient 
Ke   = Soil evaporation coefficient 
Ks  = Water stress coefficient 
	  	  
5 	  
 
 
Allen et al. (1998) outlined that Kcb is defined as the ratio of the crop evapotranspiration 
over the reference evapotranspiration when the soil surface is dry but transpiration is 
occurring at a potential rate. This means that the Kcb primarily represents the transpiration 
component of crop evapotranspiration. Analogously to the single crop coefficient, the 
dual approach has 3 different Kc’s (Kcb ini, Kcb mid, and Kcb end). Both Kcb mid and Kcb end are 
adjusted as Kc mid and Kc end are, respectively, in the single approach.  Ke is calculated by 
computing a daily water balance that reflects the amount of water that is readily available 
for evaporation (REW). Ks is an additional factor that is used in determining Kc for cases 
where non-standard conditions exist. This variable further factors down the Kc (thereby 
reducing ETc) for when soil water stress conditions exist. When soil water is limited 
enough to cause soil matrix stress, Ks < 1.0 (Allen et al., 1998). 
 
Applications of Each Approach. Use of either the dual or single crop coefficient in 
estimating ETc depends on the application and the situation. Allen et al. (1998) stated that 
for irrigation methods involving frequent soil wetting (micro-irrigation, center pivots, 
linear moves), the dual approach gives an accurate estimate of the Kc by considering soil 
evaporation on a daily time step. According to Allen et al. (1998), the dual approach is 
best for real-time irrigation scheduling, water balance computations, and research studies 
that require precise calculations for available soil water.  
 
However, Allen et al. (1998) also stated that for low frequency irrigation intervals 
(surface irrigation or set sprinkler irrigation frequency > 10 days), the single crop 
coefficient approach is valid for irrigation scheduling purposes. The single approach has 
a long history of use in estimating ETc. The single approach can be used to compute ETc 
for weekly time steps or even daily time steps. The single approach is commonly used for 
planning studies and irrigation system design where the averaged effects of soil wetting 
are acceptable and relevant. For typical irrigation management, the single approach is 
credible (Allen et al., 1998). 
 
Transferability of Crop Coefficients. Sammis et al. (1985) stated that in order for crop 
coefficients to have any significant value, they must be transferrable from one location to 
another. It is important to note that tabulated values for crop coefficients have some 
restrictions in regards to transferability. Kc values that Allen et al. (1998) listed usually 
vary for a given crop depending on its current stage of growth. Bausch and Neale (1987) 
stated that when crop coefficients are given using a normalized time base, it is not always 
possible to match the tabulated crop coefficients with actual crop growth. They noted that 
this issue is common where abnormal climatic conditions (such as a cold and/or wet 
spring) cause slow plant growth. They stated that the danger with this issue is that actual 
ETc could be overestimated, leading to over irrigation. 
 
Bausch and Neale (1987) stated that in order to improve estimates of ET for various 
crops, the use of a technique that could better approximate crop coefficients would be 
highly desirable. They investigated using reflected canopy radiation as a way to derive 
crop coefficients. Essentially, this approach examines canopy reflectance, which is 
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dependent on how much canopy cover exists. Therefore, canopy radiation serves as a 
measure or indicator for crop canopy cover. The advantages of using Kc’s derived from 
spectral measurements is that the measurements are independent of time parameters, day 
of planting, and effective cover, and the values represent real-time coefficients (Bausch 
and Neale, 1987). As an example, the following equation represents the spectral crop 
coefficient for corn (Bausch and Neale, 1987): 
 
 Kcs      = 1.181 * [(NIR – RED)/(NIR + RED)] – 0.026          (3) 
 
 Where: 
 Kcs      = Basal spectral crop coefficient 
NIR  = Band 4 of thematic mapper (near infrared region) 
RED = Band 3 of thematic mapper (red portion of visible spectrum) 
 
Crop coefficients that are derived using remote sensing of canopy cover depend on the 
proportion of sunlit and shaded vegetation and soil background in the composite scene. 
This approach takes into account variable planting, emergence, and harvest times. 
Additionally, it was stated that factors influencing ETc such as row spacing, plant density, 
and light interception also influence the response of the radiometer that was used to 
measure reflectance (Bausch and Neale, 1987). 
 
Sammis et al. (1985) investigated deriving crop coefficients based on growing-degree-
days. They stated that crop development is generally dependent on heat units, and that a 
physiological clock can be developed for crops based on growing-degree-days. The 
usefulness of this approach is that crop coefficients can be estimated when there is a lack 
of information regarding canopy cover. Sammis et al. (1985) found that in a particular 
study, using accumulated growing-degree-days had less variability than Julian (calendar) 
days in predicting the time duration to harvest for some of the crops examined.  
 
Irrigation Scheduling Overview 
 
Background. Optimized irrigation scheduling can have an array of goals such as: 
maximizing net return, minimizing irrigation costs, maximizing yield, optimally 
distributing a limited water supply, minimizing groundwater pollution, or optimizing the 
production from a limited irrigation system capacity (Robinson, 2009). In regards to crop 
production management, irrigation scheduling has been shown to be a critical factor 
(Howell et al. 1984). Howell et al. (1984) also specified that the two main components of 
irrigation scheduling include both irrigation timing and irrigation amount. They specified 
that irrigation timing involves: 
 
1. Soil based measurements 
2. Plant based measurements 
3. Soil moisture accounting 
4. Or various combinations of the previous 
 
Additionally, irrigation quantity is dependent on many factors including: 
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1. Irrigation system type 
2. Plant response to water deficit 
3. Plant growth stage 
4. Soil infiltration 
5. Salinity control 
6. Soil moisture deficit 
 
Hill and Allen (1996) stated that irrigation-scheduling approaches include the following 
parameters: 
 
1. Irrigating on fixed intervals or following a simple calendar 
2. Irrigating when one’s neighbor irrigates 
3. Observation of visual plant stress indicators 
4. Measuring soil water by use of instruments 
5. Following a soil-water budget based on weather data 
 
Jensen and Wright (1978) described irrigation scheduling as estimating the earliest date 
to permit an efficient irrigation, and the latest date to avoid economic adverse effects on 
the crop. They also stated that within this time period, farm managers need to plan their 
irrigations for the next 5 to 10 days so that other operations such as: crop spraying, 
cultivations, and other cultural practices can be performed effectively.  
 
For surface irrigation systems in arid climates, irrigation scheduling is usually determined 
based off past experience and is performed at fixed time intervals (Jensen and Wright 
1978). They also stated that this method would work well and could be quite efficient if 
planting dates and soil moisture are similar between years. However, when this condition 
is not met, inefficient irrigations are likely, while crop quantity and quality can be 
significantly reduced. 
 
Data Requirements. A publication by Dressing (2003) along with an article by Bausch 
and Neale (1987) collectively demanded that in order to effectively schedule irrigations, 
the following variables must be known: 
 
1. Soil properties  
2. Soil variability within the field  
3. Soil-water relationships and status  
4. Rooting depth of crop 
5. Type of crop and its sensitivity to drought stress  
6. Stage of crop development and associated water use  
7. Status of crop stress  
8. Potential yield reduction if the crop remains in a stressed condition 
9. Availability of a water supply  
10. Climatic factors such as rainfall and temperature 
11. Salt tolerance of the crop 
12. Salinity of the soil 
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13. Salinity of the irrigation water 
14. Leaching requirement of the soil 
These requirements show that determining irrigation scheduling is not a simple task. 
Computer based irrigation scheduling has the ability to assist users with carrying out the 
necessary computations for determining soil water depletion. Complex computer based 
irrigation scheduling programs are applicable if there is adequate information available 
regarding local climate and crop conditions. However, if there is a lack of information, 
most methods have limited use for these situations. It has been suggested that a more 
simple approach be used for computing ETc (Allen et al. 1998). Allen et al. (1998) 
showed that when there is a lack of computing information, the single crop coefficient 
approach could be used effectively.  
Obtaining Required Data. Much of the required data can be attained from regularly 
visiting a particular field. Many variables (e.g. soil properties and soil variability) can be 
found by using National Resources Conservation Service (NRCS) soil survey maps. 
These archived maps can be accessed online, or found in other document libraries. 
Another way to obtain soil and rooting depth information is to use digging equipment to 
excavate a portion of an existing root zone to physically observe and document rooting 
depth, soil type, and soil variability. Additionally, rooting depth can be estimated by 
making use of existing publications that give average rooting depths for various crops 
(e.g. The Surface Irrigation Manual, 1995).  
Many publications are available (e.g. FAO 56) to the user in regards to stage of crop 
development and associated water use, salt tolerance of crop, and the potential yield 
reduction if the crop remains in a prolonged stressed condition.  
In order to obtain salinity data, one can contract soil testing service groups or perform 
measurements themselves. Standardized methods and procedures exist for determining 
the electrical conductivity (EC) of the soil, which is related to the quantity of salt in a 
particular soil sample. With the use of an advanced EC meter, one can measure the 
salinity of the irrigation water, soil, and can make estimates of the necessary leaching 
requirement.  
Existing Problems. Irrigation scheduling programs can be quite useful, but issues still 
exist in the implementation of the programs. Jensen and Wright (1978) stated that among 
the problems that irrigation scheduling programs encounter, two specific problems deal 
with personnel and irrigation flexibility. Many issues can arise because of personnel with 
limited training and experience with irrigation scheduling. Their limited experience can 
lead to incorrect adjustment of various variables or parameters involved with irrigation 
scheduling. The more common problem is inflexibility of on-farm irrigation systems. If a 
farm manager does not have the means to incorporate a fine-tuned irrigation schedule, a 
sophisticated irrigation scheduling plan will be of little or no practical use. 
Jensen and Wright (1978) also outlined that another typical issue that limits the use of 
irrigation scheduling programs is that effective programs require active book keeping of 
irrigation information. This means that it takes a significant amount of time and effort to 
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keep record and to keep track of on-farm irrigation and precipitation.  
It is extremely important that introduced technologies or scientific advancements be easy 
for the end user to actually implement. Hill (1991) showed in a study that farmers in Utah 
did not effectively use a newly introduced irrigation scheduling program because many of 
the required calculations needed to be performed by hand. He also stated that once these 
calculations were performed by a computer (rather than by hand), farmers began to use 
the program more readily. Fereras et al. (1981) stated that with the help from agricultural 
engineers, soil conservation service engineers, and consultants, farmers could effectively 
use these programs. 
Uncertainty of data is one of the biggest problems associated with irrigation scheduling. 
For the majority of surface irrigated farms, the greatest uncertainty pertains to the 
quantity of water applied during irrigation events (Jensen and Wright, 1978). This is an 
important aspect to consider since most water balance models include a component of 
applied water. If the applied water is unknown, then the uncertainty of the actual soil 
moisture level can be excessive. This uncertainty is the main perpetrator when it comes to 
soil moisture estimation using the checkbook method. Since errors in estimates are 
cumulative in the model, inaccuracies will compound until an irrigation event completely 
refills the soil reservoir (Robinson, 2009). 
Importance of Field Checks. Fereras et al. (1981) said that following irrigation 
schedules could lead to increased water use efficiency. In their study, they mentioned that 
it is extremely important to verify computer based scheduling with real time soil data. 
This needs to be done because it is important to have a variety of ways to check 
calculated values with actual values. Jensen et al. (1971) also agreed that periodic 
monitoring of the actual soil moisture status as compared to the predicted status is highly 
desirable. They stated that this allows the user to make adjustments for inadequate 
irrigations, unusually rapid or slow crop development, disease or insect damage, and for 
other controlling parameters.  
Estimation of crop water use usually is associated with some kind of statistical 
confidence level. Jensen and Wright (1978) stated that the principal factors of 
determining confidence levels for irrigation scheduling include: probable errors in 
estimating ET, the amount of irrigation water applied, drainage from the root zone, 
upward flow from a capillary fringe, and effective rainfall. These factors highlight the 
need to monitor real-time soil water depletion, which allows the user to adjust or tune the 
estimated soil water depletion to match observed conditions (Jensen and Wright, 1978).  
Existing Computer Irrigation Scheduling Programs. Over the years, many computer 
based irrigation scheduling programs have been created. One of the earliest programs was 
released by the USDA-ARS in the early 70’s (Jensen and Wright, 1978). Since then, 
many improvements have been made to make the programs easier to use. Many 
similarities and differences exist among modern programs. Each program has specific 
strengths and weaknesses that make their use somewhat limited in application. Henggeler 
et al. (2010) summarized that the main programs that have been in use over the last 10 
years are KanSched2, NDAWN Irrigation Scheduler, AZSCHED, Wateright, IMO, 
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Arkansas Scheduler, Citrus MicroSprinkler Irrigation Scheduler, TrueISM, WISP, 
Woodruff Irrigation Charts, and Michiana Irrigation Scheduler Ver. 1.03.  
Of all the above programs, the variety of crops that they can model varies greatly. The 
Woodruff Irrigation Charts model the fewest crops (3 total). The most versatile program 
is Wateright, which offers 63 different crops for California (Henggeler et al., 2010).  
The programs also vary between which weather databases they use for ET calculations. 
Most use real-time weather data, whereas the Woodruff Irrigation Charts use historical 
data. The ET model used for the programs can be quite different. For example, 
AZSCHED uses growing degree days to calculate crop water needs, whereas Wateright 
uses a more traditional Julian day approach (Henggeler et al., 2010). 
Requirements of Program. If farmers and irrigators use computer based irrigation 
scheduling, then there are certain aspects of the programs that must be true. Hess (1996) 
outlined these principles: 
1. Data requirement (availability of data) 
2. Ease of use 
3. Updating the model predictions (adjusting for actual conditions) 
4. Output requirements 
Hess (1996) explained that in order for a computer package to be used by farmers, there 
must be an availability of site-specific data. He explains that the user interface should be 
easy to use and consistent. He also mentions the importance of range-checking features 
that prevent users from entering data that will corrupt the program calculations. Hess 
(1996) stated that the model should be flexible enough to allow the user to enter data 
measured from the field if computed data greatly contradicts actual measurements. He 
lastly stated that the outputs of the program should be easy to interpret and use. The 
outputs should also be able to handle rainfall events and accurately tell the user when to 
schedule the next irrigation. 
Jensen et al. (1971) also gave an outline of what requirements are necessary for a 
successful irrigation scheduling program: 
1. User oriented 
2. Regular and complete computations 
3. Estimates of daily depletions of soil moisture ± 10 to 15% of actual values 
4. Use of standardized meteorological data 
5. Feedback (soil moisture monitoring, actual field checks) 
Pleban and Israeli (1989) stated that a successful irrigation scheduling program must 
make estimates of the gross amount applied water for future irrigations that take into 
account the irrigation efficiency or distribution uniformity of the irrigation system. They 
also outlined that a program should have a user interface that employs a user defined unit 
system that can handle both English and Metric units. This interface should also be menu 
driven, allowing for a user-friendly system. They also specify that the program have a 
crop, weather, soil, and field record that keep past and present information that could be 
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valuable to the farmer or irrigator. Lastly, they stated that a user friendly program should 
produce various reports such as: recommendations, current status, water content 
projection, irrigation projection, summary of irrigations, history of irrigations, and 
permanent field data. These allow a user to quickly and effectively access invaluable 
information that will assist them with making important management decisions regarding 
irrigation.  
Each of the above requirements were considered and implemented as seen fit in the 
design and construction of the irrigation scheduling program that was created.  
 Considerations for Alfalfa 
When selecting alfalfa for an irrigation scheduling program, certain factors must be 
considered. Unlike other annual or perennial crops, alfalfa is harvested many times 
throughout the growing season. Because of this, scheduling irrigation for alfalfa can have 
increased difficulty over other crops because harvesting operations typically inhibit the 
flexibility of applying water.  
Estimating the ET of alfalfa can also be difficult because drying, baling, transport, and 
associated haying operations where wheel traffic occurs can delay regrowth (Steele et al., 
2010). In order to solve this problem, Steele et al. (2010) presented an equation that is 
based off the work done by Lundstrom and Stegman (1988): 
 Kacr    = [(1-Kacr0)(DAC/tacr)] + Kacr0                        (4) 
Where: 
Kacr    = Alfalfa cut and regrowth factor 
Kacr0  = ET fraction on day 0 of alfalfa cut and regrowth period 
tacr       = Days until full alfalfa ET is reached 
DAC = Days after cutting 
 
In the above equation, Kacr0 and tacr should be adjusted to match local climatic and 
harvesting conditions. Equation 4 would be used in conjunction with the following 
equation from Steele et al. (2010): 
 
 ETalfalfa           = Kacr x ETuncut alfalfa                    (5) 
 
 Where: 
 ETafalfa        = Actual ET of alfalfa 
 Kacr                   = Factor based on assumption fractional reduction of ET upon cutting 
 ETuncut alfalfa = ET of alfalfa during peak growth stage 
 
The above approach shows just one of many ways that alfalfa cutting can be accounted 
for when estimating ETc. Allen et al. (1998) outlined that multiple cuttings can be 
modeled and accounted for by automatically changing the crop coefficient to Kc ini from 
Kc end. Using this approach, the Kc increases linearly from Kc ini to Kc mid and resembles the 
relationship exhibited by Equation 3.  
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Another parameter that must be considered is the root zone depth of alfalfa used for 
irrigation scheduling. Since alfalfa is usually grown for several seasons on one field, the 
root zone can already be fully established at the onset of the growing season. Steele et al. 
(2010) stated that for alfalfa that has already had a year of establishment, the root zone 
depth could be an assumed value. However, for newly planted alfalfa, the root zone depth 
can be approximated using a linear growth function that is utilized until the week of 
maximum rooting depth is reached. This is an important feature to consider because 
many irrigation scheduling programs do not allow an established root zone to be 
accurately modeled at the onset of irrigation scheduling for a growing season. 
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PROCEDURES AND METHODS 
 
 
Design Procedure 
 
The Practical Irrigation Scheduling Program (PISP) was designed using several different 
tools that would be most helpful to fulfilling the objective of the design problem. To 
provide a framework for estimating crop water use, one of methodologies outlined by 
Allen et al. (1998) was used. The single crop coefficient approach was integrated into a 
common spreadsheet program so that a daily water balance checkbook could be 
formulated. PISP was specifically designed to accommodate the complexity of modeling 
the growth patterns and water usage of alfalfa hay for the duration of one year. The 
intricacies of the design procedure will be further discussed below. 
 
Using the Single Crop Coefficient. When using the single crop coefficient, adjustments 
must be made to tabulated crop coefficients to better represent actual crop growth 
conditions. The determination of the three basic crop coefficients (Kc ini, Kc mid, and  
Kc end) and their adjustment for use in a daily or periodical time step is discussed in the 
next section of this report.  
 
Determining Kc ini. First, Kc ini has to be corrected to adjust for many parameters 
including: irrigation frequency, infiltrated depth, average evaporating power of the 
atmosphere over the course of the initial growth phase, and soil classification. In Figures 
29 and 30 from Allen et al. (1998), the adjustment to Kc ini can be made by manually 
looking up the corresponding Kc ini that matches the observed Lini average ETo and 
irrigation frequency. In order to streamline this process, the curves were translated into 
several individual points that were plotted in Microsoft Excel. The points were found by 
using a straight edge and a common writing utensil. Once the points were inserted into a 
table, a graph was created for each case using Excel generated power functions. It must 
be noted that the accuracy of the power curves is insufficient for cases where the average 
ETo is less than 1 mm/day, or when a combination of parameters yields a Kc ini that is 
greater than 1.15. This can be explained by the fact that Figures 29 and 30 from Allen et 
al. (1998) all have an upper limit on the crop coefficient of 1.15, respectively. Therefore, 
the logic statement within the PISP that handles the Kc ini determination automatically sets 
Kc ini to 1.15 if the calculated value is above 1.15. The original figures from Allen et al. 
(1998) and their Excel representations can be found in Appendix B. 
 
The horizontal axis for all of the charts represents the average ETo for the length of Lini. 
For cases where two separate Lini values exist (one for 1st cutting cycle, one for 
proceeding cutting cycles), the PISP was designed to automatically use the Lini value that 
corresponds to the correct time of year. Depending on the date, the PISP will use either 
the larger or smaller Lini. Another parameter that limits the accuracy of the curves is when 
the irrigation frequency falls somewhere between the values listed in Figures 29 and 30 
from Allen et al. (1998). Although there are 7 given frequency curves to use, they only 
cover a short range of actual frequencies. Only curves for 1, 2, 4, 7, 10, and 20-day 
intervals are given. So every encountered frequency that falls between one of these values 
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does not have a representative equation for the determination of Kc ini. The issue of 
determining which irrigation frequency curve to choose was recognized and was handled 
in the following way, shown below in Table 1: 
 
 
Irrigation 
Interval 
Curve 
Range of 
Actual 
Intervals 
1  f = 1 
2 f = 2 
3 f = 3 
4 4 ≤ f <7 
7 7 ≤ f <10 
10 10 ≤ f <15 
20 15≤ f <30 
Where: f  = frequency 
Manual 
 
An example of this case using Table 1 is when conditions call for an 8-day irrigation 
frequency. The program would actually use the 7-day interval curve to represent this 
case. In the program, logic statements were designed so that if an irrigation or rainfall 
event greater than 3 mm occurred, a binary output of 1 would appear in a special binary 
column section of the spreadsheet. If no adequate events occurred, then the column 
would read a 0 instead of a 1. To determine the irrigation frequency over Lini, a sum of 
both the precipitation and irrigation binary columns was performed, then divided by the 
corresponding value of Lini to determine the frequency in events/day during Lini. The 3-
day frequency curve was generated by interpolating between the 2-day and 4-day curves. 
 
In order to find the correct value for Kc ini, one must know both the average ETo and 
irrigation frequency over the interval of Lini. In order to use the correct average ETo value, 
the PISP logic was designed so that when the first day of Lini occurs, an average of the 
proceeding days of Lini becomes initiated. A major constraint using this approach is that 
one does not know the future values of ETo. In order to fix this issue, the logic was 
designed so that the tabulated value of Kc ini would be used for current ETc calculations. 
When enough days have occurred after the first day of Lini to give an accurate average of 
ETo, the logic will automatically update the tabulated value to the actual value, if 
applicable. Once the average ETo and irrigation frequency are known for Lini, the 
corrected Kc ini can be found. 
 
Between Figures 29 and 30 from Allen et al. (1998), there exist three separate curves, 
respectively. Figure 30 contains two curves (one for coarse textured soils and one for fine 
to medium textured soils) that represent how to adjust Kc ini for the case where the 
infiltrated depth over the course of Lini is greater than 40 mm per irrigation event. Figure 
29 represents the case where the infiltrated depth over the course of Lini is between 3 and 
10 mm per irrigation event, for all soil textures. Irrigation or precipitation events that are 
less than 3 mm are not considered as substantial water applications for use in the 
Table 1. Irrigation frequency (during Lini) determination.  
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consideration of adjusting Kc ini. When the irrigation event magnitude falls somewhere 
between 10 and 40 mm per event, interpolation must be done between the values for Kc ini 
attained from the corresponding graphs within Figures 29 and 30, respectively. During 
the construction of the program logic dealing with the selection of Kc ini, the interpolation 
problem was solved by setting up a separate column in Excel for each case: result from 
Figure 29, result from Figure 30, and the result from the interpolation of the two previous 
results if applicable. The full details of this selection procedure can be found in Appendix 
B.  
 
Another important construction component for the determination of Kc ini was the 
situation where no irrigation or precipitation events occur during the period of Lini. Allen 
et al. (1998) outlined that for the case where no estimation can be made about the 
irrigation frequency during this time period, the tabulated value of Kc ini from Table 12 
from Allen et al. (1998) should be used. This was accounted for by creating a logic 
statement that would automatically set Kc ini to the tabulated value from Table 12 if no 
irrigation event occurred during Lini.  
 
As previously discussed, the determination of Kc ini has a large dependence on the texture 
of soil. In order to handle this requirement in the spreadsheet, a separate column was 
created that calculates Kc ini for every texture simultaneously. In order to select the right 
value, a soil selection table was created as an input that directs the logic of the Kc ini 
selection to make the right choice. For a full explanation of the logic structures, see 
Appendix C. 
 
Determining Kc dev. The next crop coefficient, Kc dev, is a value that changes throughout 
Ldev. Usually when one manually creates the crop coefficient curve, Kc dev is attained by 
drawing a linear line from Kc ini to Kc mid. To better adjust Kc dev for actual conditions 
within the spreadsheet program, Kc dev automatically changes during Ldev using linear 
interpolation between the values known for the corrected Kc ini and the tabulated Kc mid. 
To examine the logic equation used for the development of Kc dev, see Appendix C. 
 
Determining Kc mid & Kc end. According to Allen et al. (1998), Kc mid and Kc end must be 
adjusted to account for situations where the climate differs from the standard of 45% 
minimum relative humidity (RHmin), or when the mean value for daily wind speed during 
Lmid at 2 m height over a standard grass reference differs from 2 m/s. Allen et al. (1998) 
outlined that the parameters used to adjust Kc mid and Kc end should reflect the mean values 
over their respective season lengths. In an attempt to provide a daily calculation for these 
crop coefficients, the Kc’s were modeled on a daily time step using daily values for wind 
speed and RHmin. When the growing season has reached the point where Lend begins, the 
program logic begins to use linear interpolation between the average observed adjusted 
Kc mid and the tabulated Kc end value. As mentioned previously, Kc end must be adjusted for 
nonstandard conditions. Since future weather data regarding wind speed and humidity are 
not known, the PISP uses the tabulated Kc end value from the Growth Inputs Sheet for all 
computations during Lend until the last day of Lend. On the last day of Lend, the program 
has enough information to make an accurate adjustment to what the actual observed crop 
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coefficient was over the course of Lend. Refer to Appendix C for the equation adjustments 
and flow charts used within the PISP. 
 
Correcting for Deficit Irrigation. Another parameter that was used in the irrigation 
scheduling model was the implementation of the crop stress coefficient (Ks). When the 
soil moisture depletion has exceeded the calculated amount of readily available soil water 
for transpiration (RAW), Ks begins to decrease from the maximum value of 1.0 to the 
minimum value of 0. When the stress coefficient is less than 1.0, transpiration becomes 
limited, thus decreasing the crop coefficient during the growth period in which stress 
occurs. To account for this in the program, columns were created that list the RAW, 
corrected end of the day soil moisture depletion (SMD), and Ks. Logic statements were 
created that automatically initiate the Ks calculation on a daily time step in order to 
provide daily adjustments to the crop coefficient. When the corrected SMD is ≤ RAW, Ks 
will automatically go back to 1.0. Refer to Appendix C for the equation logic flow charts 
used in the PISP pertaining to the calculation of Ks. 
 
Estimation of End of the Day SMD. The PISP is designed to be an irrigation checkbook 
that keeps track of the inflows and outflows of water for a farming situation. Typically, a 
soil water balance can be represented by Equation 6 below: 
 
 S = I + P + C – R – DP – ET                (6) 
 
 Where:  
 S = Root zone water storage 
 I  = Irrigation 
 P = Precipitation 
 C = Capillary rise 
 R = Runoff 
 DP = Deep percolation 
 ET = Crop evapotranspiration 
 
The PISP currently uses a modified version of Equation 6 that does not consider capillary 
rise or runoff as parts to the calculation of root zone water storage. Within the program, 
soil water is represented as depletion, not as a filled amount. This means that the program 
is mainly concerned with displaying how much water will be needed to the field capacity 
of the soil in consideration. This is represented in the program as SMD, or soil moisture 
depletion. In order to properly estimate how substantial the SMD is, the program requires 
that gross irrigation amounts be entered into a column in the Field sheet. When weather 
data is logged in the Weather Data sheet, precipitation events are automatically uploaded 
into the SMD model for the program. The corrected ending depletion for each day 
considers any irrigation or precipitation event that occurred on the previous day, the 
previous day’s Corrected SMD, and the current day’s calculated ETc. For most situations, 
the growing season actually begins with some amount of SMD already existing in the 
soil. Where estimates can be made, the program is designed to allow the user to input the 
estimated starting SMD so that the program can more accurately estimate the SMD in the 
beginning of the growing season. Limits were placed on the output values of the 
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corrected end of the day depletion so that when the soil reservoir becomes full, the SMD 
will read 0 even if more water was applied than what was needed to replace the SMD of 
the soil. The SMD calculation is one of the more important components of the program, 
since future crop water requirement forecasts, irrigation promptings, and soil water stress 
all depend on the value of the SMD for the soil. For complete details on the programming 
logic and equation flow charts pertaining to SMD, see Appendix C.  
 
Root Zone Depth. One extremely important input for the program is the maximum 
rooting depth of the crop. This is an input that is entered in the Crop Growth Inputs sheet 
within the program. This rooting depth is significant because several variables such as 
RAW and MAD are directly influenced by the value of the maximum rooting depth 
specified for the field in consideration. The PISP considers the case where the modeled 
field is a newly planted field with a growing root zone. When the Newly Planted Field 
input on the Field sheet is set to “YES”, the program automatically uses a custom 
function to estimate the growth rate of a newly planted alfalfa crop. The equation used in 
the growing root zone calculation was derived from research regarding alfalfa root 
growth rates over a variety of soils. Through research, it was found that the roots of 
alfalfa do not grow linearly, which is a common assumption used to approximate root 
growth in irrigation scheduling programs. There is no natural upper limit on the root 
growth equation, meaning that without alteration, the roots would never stop “growing” 
according to the model equation. In order to combat this error, a limit was set within the 
program logic that sets the root depth to the maximum value entered within the Crop 
Growth Inputs sheet whenever the equation output is greater than the maximum specified 
value. For further examination of the equation used to describe a growing alfalfa root 
zone, see Appendix C. When the Newly Planted Field input is set to “NO” within the 
Field sheet, the program by default sets the root depth to the maximum root depth 
specified in the Crop Growth Inputs sheet. This setting should be used if the alfalfa crop 
being examined is within a field that has an established root zone. Currently the PISP is 
specifically modeled for alfalfa hay, which means that if any other crop were to be used, 
certain aspects of the program (e.g. growing root zone equation) would be inaccurate. 
Further discussion of the alfalfa hay modeling and its intricacies is found within the next 
section of this report. 
 
Modeling for Alfalfa Hay. As mentioned previously, alfalfa is the most important and 
popular forage crop grown in California. Because of this fact, it was decided that the 
PISP should be modeled in order to accommodate the very unique requirements involved 
when using an irrigation scheduling program for this crop. One of these unique 
requirements is that alfalfa is typically harvested several times throughout the course of 
one year. The number of cuttings that can be attained depends heavily on the climate in 
which the alfalfa is grown. Nevertheless, several sub-seasons can occur throughout one 
year of growing alfalfa. This happens when the alfalfa is harvested which includes: 
cutting with a swather, letting the crop dry to some degree in the field, bailing the loose 
hay, and transporting the bales off the field.  
 
In order to accommodate this requirement, an irrigation scheduling spreadsheet must be 
able to account for the times when a cutting occurs. The reason for this can be easily 
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illustrated by the phenomenon when the crop coefficient suddenly changes from Kc mid or 
Kc end, to Kc ini as soon as the hay is cut. This is important because ultimately the ETc for 
the alfalfa will change drastically when it is cut. The field goes from having a complete 
crop canopy that requires great transpiration while limiting soil surface evaporation, to a 
collection of chopped alfalfa crowns that require less transpiration and do not place as 
much of a limitation for evaporation of water from the soil surface. The PISP was 
designed so that either future or current cutting dates could not only be logged into the 
program, but so that they will directly influence the crop coefficient calculations that 
occur in the background of the program. On the day of a cutting, the crop coefficient is 
automatically set to a value based off the value entered in the Crop Growth Inputs sheet 
for Kc ini.  
 
When the user inputs a cutting date in the Cutting Dates sheet, the date and cutting 
number will automatically appear in the date column in the cell corresponding to that 
specific date within the Field sheet. Both the Forecast and the Field sheet log the cutting 
dates prescribed in the Crop Growth Inputs sheet. The Forecast sheet is designed to 
indicate when a cutting day occurred, while the Field sheet provides further detail about 
the cutting information. The Field sheet was designed so that the user would be able to 
view the date in which the last cutting occurred, which cutting last occurred, and whether 
or not a cutting occurred on a specific day. This was done so that the user would be able 
to easily find this data at any point when using the program within the Field sheet. See 
Appendices C and D for a more complete representation of the equations used to 
specifically model alfalfa hay. 
 
Irrigation Forecast Model. One of the greatest needs of the PISP was to develop an 
irrigation forecast model that could accurately estimate the irrigation requirements for an 
upcoming week. The focus of the model was to predict how much water should be 
applied to the field in the proceeding week in order to replace the ending SMD of the last 
week, and to replace any water that would be used by the crop in the upcoming week 
(weekly ETc). As aforementioned, cutting alfalfa drastically effects the crop coefficient, 
and thus the ETc of the crop during the growing season. What this means for the model is 
that it needed to be designed to account for any current or future stage of growth. It 
would not be correct to assume that the average ETc over the last few days will always 
provide an accurate estimate of what the next week’s average ETc will be. An example 
for when this is especially true is when the beginning of the week (Monday) lies in the 
last days of a particular growing stage. For example, if a cutting is planned to occur on 
Thursday, then the ETc for the upcoming week would have to be calculated using both Kc 
mid (or Kc end) and Kc ini. Only 3 days of ETc for the upcoming week would be calculated 
using Kc mid (Monday, Tuesday, and Wednesday), while 4 days would be calculated using 
Kc ini. Therefore without accounting for potential changes in growth, the predicted 
irrigation requirement would over or underestimate the actual requirement. 
 
In order to solve this problem within the program, a master equation was created that 
contains logic structures that will effectively estimate future irrigation requirements under 
standard conditions. A column was created in the Forecast sheet for the Sub-season 
Growth day that guides the master equation in correctly estimating future irrigation 
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requirements. Two inputs within the Forecast sheet greatly affect the Sub-season Growth 
Day column within the sheet. In the Seasonal Growth Inputs section of the Forecast sheet, 
the user can input the estimated number of days until the first cutting and the estimated 
number of days between proceeding cuttings. The master equation uses these inputs to 
determine whether or not a future cutting will occur. For example, if the estimated days 
between cuttings is 35 days and the current sub-season growth day is 32 (Monday), then 
the master equation knows that the upcoming week will have 4 days of Kc mid and 3 days 
of Kc ini to consider for the upcoming week’s irrigation requirement. One constraint to the 
design of the program is for the case when the interval between cuttings is greater than 
the estimated amount. When this happens, the sub-season growth day extends beyond the 
estimated upper limit, which can cause the prediction model to overestimate the 
forecasted weekly ETc requirement. An example would be when the current sub-season 
growth day is equal to 40, a cutting will occur in the next 3 days, and the upper limit was 
set to 35. The master equation would choose to estimate the upcoming week of ETc based 
solely off Kc mid, when in reality only part of the week would experience Kc mid. The 
current version of the PISP does not accurately handle this situation. If the user knows 
that the next planned cutting will take place after the estimated amount of lapsed days 
between cuttings, they can simply change the input to a higher value temporarily so that 
the master equation will produce a more accurate number. 
 
The model includes several adjustment variables that were used to hone in the accuracy 
of the future irrigation requirement estimation. The model adjustment parameters include: 
Average Kc dev, Ks prediction, MAD prediction, Low Average Kc dev, High Average Kc dev, 
and Kc mid. Each parameter is interwoven into the master equation so that the model can 
be adapted and adjusted to fit any situation. The average Kc dev values are used in the 
master equation for use within certain logic structures for cases where either some part or 
the entire portion of the upcoming week will encounter Ldev. The Ks prediction parameter 
factors down the stress coefficient when it occurs on the day when the forecasted 
irrigation prediction is made (Monday). This was done because when the forecast for the 
upcoming week is made, it is likely that Ks will decrease lower than the value listed for 
the current day. This means that transpiration will continue to decrease as the week 
progresses. Changing the Ks prediction parameter causes the master equation to 
underestimate what it originally would have predicted without the Ks prediction 
parameter. The MAD prediction parameter is quite useful since it offers a prediction that 
the SMD in the soil is approaching the maximum allowable limit. This component was 
included in the model because if the SMD is close to the RAW value, deficit irrigation 
will likely occur quite soon, since it initiates when the SMD is greater than the RAW. 
When the current SMD is greater than or equal to the MAD prediction factor multiplied 
by the RAW, the predicted irrigation requirement will be multiplied by the Ks prediction 
factor to decrease the estimated irrigation requirement. This is done because it helps to 
predict probable future crop stress from deficit irrigation, and also so that overestimation 
of the upcoming week’s irrigation requirement will not made. 
 
It was decided that the forecast model should use tabulated Kc’s and a certain amount of 
days in which to average past ETo in order to determine the ETc requirements of the 
upcoming week. The model currently uses a 3-day backwards average of the observed 
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ETo. In other words, the combined average ETo from the preceding 3 days is used for the 
future week’s average ETo. This average value for ETo is used in conjunction with 
tabulated crop coefficients to give an estimate for the future weekly ETc requirement. In 
order to account for system non-uniformities and inefficiencies, both the previous week’s 
ending SMD and the forecasted weekly ETc requirement take into account DUlq 
(distribution uniformity of the low quarter) or the IE (irrigation efficiency). This produces 
a gross needed irrigation amount from irrigation systems that operate outside of ideal 
conditions (ideal meaning: IE or DU equal to 1.0 or 100%).  
 
The testing procedure and results of the irrigation prediction model can be found in 
subsequent sections of this report. For more information regarding the construction of the 
master equation that was used for the model, see Appendix C. For a comparison chart 
that shows the accuracy of the model, see Appendix E.  
 
Construction Procedure 
 
Using the Microsoft Excel Spreadsheet Program. The PISP was constructed using one 
of the most common spreadsheet programs used today, Microsoft Excel. The Excel 
program is used by countless individuals and provides a great platform in which to build 
an irrigation scheduling spreadsheet. Excel allows data to be interlinked so that a few 
inputs can change and effect an endless number of equations and cells. The equations and 
commands available to Excel users make building an irrigation scheduling and modeling 
program very possible and realistic. The design of the program called for creating several 
sheets within a workbook that have specific purposes. Each sheet is tied to one another in 
some way or form, which makes the input entering process much easier for the user.  
 
Crop Growth Inputs Sheet. The first sheet encountered in the PISP is the Crop Growth 
Inputs sheet. Within this sheet, the user will find input areas for Growing Season, Crop 
Coefficient, and Plant Growth Information. Under the Growing Season Information input 
area, the user can enter in custom values for each sub-season length which includes: Lini, 
Ldev, Lmid, and Lend. The user will notice that there are two separate tables available in this 
section. One table pertains to the growing season experienced before the 1st cutting for 
alfalfa, which occurs at the beginning of the growing season when climate conditions 
could exist that cause the sub-season length to be substantially longer than sub-season 
lengths that occur after the 1st cutting. If the PISP begins logging information in the 
spring, for example, the sub-season lengths would typically be longer than what they 
normally would be for growing sub-seasons that occur after the 1st cutting. The other 
table represents each sub-growing season that occurs after the 1st cutting. The user should 
use values in both of the available tables that not only make sense, but also represent 
local agronomic practices.  
 
The next input area of the Crop Growth Inputs sheet is the Crop Coefficient Information. 
There are only 3 values that can be entered in this portion of the program. Only Kc ini, Kc 
mid, and Kc end are needed in this section to adequately provide the necessary crop 
coefficient information to the rest of the workbook regarding crop water use. It is 
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recommended that crop coefficients used in the program be drawn from Table 12 from 
Allen et al. (1998), since the program is setup to specifically adjust and use these values.  
 
The final input section of the Crop Growth Information sheet is the Plant Growth 
Information section. The user only needs to enter 3 inputs: mean crop height during Lmid, 
mean crop height during Lend, and maximum plant root zone depth. Of the 3 inputs, the 
most substantial is the root depth. The root depth as aforementioned has a significant 
impact on several parameters such as the RAW, MAD, and Ks. If a reasonable estimate 
cannot be made for the maximum root depth for the field itself, the user can use values 
listed in Table 22 from Allen et al. (1998) for use in the program. The user should 
consider the depth assumed, and should assume a depth that is slightly shallower than 
expected. This will cause the PISP to prompt irrigations slightly before the MAD 
threshold is reached. If the opposite is performed (depth assumed to be too deep) then the 
program will prompt irrigations too late and the crop could eventually begin to 
experience non-beneficial water stress from the soil matrix, thus initiating the stress 
coefficient (Ks).  
 
Cutting Dates Sheet. The next sheet encountered in the PISP workbook is the Cutting 
Dates sheet. This is the most basic sheet in the program and simply allows the user to 
input either the planned or actual cutting dates for an alfalfa hay crop. These cutting dates 
will be directly and automatically updated to the Forecast and Field sheets, respectively. 
The input format for the cutting date should be dd/mm/yy.  
 
Weather Data Sheet. The Weather Data sheet is a very important component to the 
PISP. This sheet is where the user will upload climate or weather information that will be 
directly used in the Field sheet. Although there exist many columns in the sheet, only a 
few of them are actually used in the calculation procedure within the program. The 
reason why a vast array of columns exists is because when a general weather report is 
downloaded from the CIMIS website, all of the fields found within the Weather Data 
sheet will become filled. However, it must be noted that the column headings in red text 
mark the only column values that are used in the program. These include: ETo, RHmin, µ, 
and precipitation. It is extremely important that the weather data be uploaded in metric 
units. Failure to download a report in metric units will result in very large calculation 
error within the program. For instructions on how to properly download a correctly 
formatted CIMIS report for use within the program, see Appendix I. 
 
An issue certainly exists for the case where there is a lack of weather data available. If the 
user does not have Internet access to the CIMIS database, then the Weather Data sheet 
can still be used effectively. ETo can be estimated using a wide variety of techniques, 
some of which have been discussed previously. It must be noted that if the FAO Penman-
Monteith or ASCE Standardized Penman-Monteith method is not used, estimates of ETo 
will be subject to increased error as compared to the recommended methods. 
Precipitation data can be derived using simple tools such as rain gauges. Daily average 
wind speed and minimum relative humidity can be more difficult to attain, but fortunately 
do not play as large of a role in the computations as compared to daily ETo and 
precipitation amounts. When data is unknown for a day, or when the CIMIS report gives 
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blanks in some of the cells within the Weather Data sheet, these cells are conditionally 
formatted to automatically turn red. The user should pay attention to when this happens 
because blank cells can damage the accuracy or the ability of the computations in the 
Field sheet. When this phenomenon occurs, the user should manually overwrite the cell 
by typing a 0 in as a value for the cell. This will fix any calculation reference error within 
the Field sheet. It is also very important to note that the Weather Data and Field sheets 
are designed to work in unison together. This means that the starting date in the Weather 
Data sheet needs to be the same starting date within the Field sheet. Again, if care is not 
taken to align the season dates, the computations will be referencing the wrong cells, thus 
eliminating or disparaging the accuracy of the program.  
 
Forecast Sheet. The forecast sheet is designed to inform the user about not only 
forecasted irrigation needs, but also to display the Julian day, the sub-season growth day, 
how many irrigations will be needed to meet the demand for the next week, and the 
observed weekly irrigation requirement. The observed weekly irrigation requirement will 
not be complete until the full week has passed already. This is because the calculation 
involves observed values that must physically take place. The usefulness of this column 
is that one can scroll through the Forecast sheet and observe how close the prediction 
model came to estimating what the actual irrigation requirement was for the given week. 
The estimated number of irrigations needed per week is derived from the input area 
within the Forecast sheet that asks for information such as flow rate, field area, IE or 
DUlq, and hours of operation per day. These variables are used to in order to estimate 
what the possible maximum daily and weekly irrigation application rates are. The 
program uses the value for the forecasted estimated irrigation need for the upcoming 
week and divides by the maximum weekly application rate to find the number of required 
applications that will be needed to completely fill the root zone for the next week. The 
Forecast sheet also indicates when a cutting occurs so that the user can have a clearer 
understanding of why the prediction model may have over or underestimated the weekly 
irrigation requirement. For a full description of the equations, logic structures, and 
screenshots of the Forecast sheet, see Appendices C and D. 
 
Field Sheet. The Field sheet is where irrigation event magnitudes are logged into the 
PISP, SMD values are calculated, and where irrigation promptings are made known. The 
Field sheet contains three main input sections that have a drastic effect on the calculations 
within the sheet.  This first section is called the Soil Selection section. Within this input 
field, the user can type an “x” in the row that corresponds to the type of soil that is 
present within the field in consideration. If the soil is nonhomogeneous, then there will 
exist many different soil strata within the same plant root zone. Each different soil texture 
has a different available water holding capacity (AWHC) due to the physical nature of 
different soils. Generally speaking, coarse soils will have a smaller AWHC than fine or 
medium textured soils. The PISP was designed so that if the user enters two different 
kinds of soils in the Soil Selection section, the program will use the minimum value listed 
within the selection section for use in every equation dependent on soil water depth. This 
was done to ensure that the section of the field that contains the coarsest soil would not 
become overstressed. This would certainly occur in a field that contains many soil types 
within the root zone in consideration. Within the same time period, the first plants that 
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would become stressed would be the plants grown in the coarser texture, since there is 
less available water to this plant compared to the other plants grown in the finer textured 
soils.  
 
The next input section is the Field Information area. The PISP asks for whether or not the 
field in consideration is a newly planted field, the growing root zone MAD, the 
established root zone MAD, the IE or DUlq, and the starting SMD value. If the newly 
planted field section is set to “YES”, then the Field sheet will begin to estimate the RAW 
in the soil considering a growing root zone. When the field is set to “NO”, the maximum 
root zone depth input from the Crop Growth Inputs sheet will be used for the entire year. 
The IE or DUlq is used to factor down the gross amount of irrigation water applied into a 
net amount that can be used in the soil water balance model. The starting SMD value is 
used so that if any depletion exists in the soil prior to the start of the growing season, the 
soil water balance model would have the ability to account for it.  
 
The next input area is the Growing Season Information section. Only three inputs are 
available here. Two of the inputs deal with the starting date of the growing season. One 
input is for old fields, while the other is for newly planted fields. This value automatically 
updates the dates found under the Date column of the Field sheet. As mentioned 
previously, both of these start dates need to match the starting date that is found within 
the Weather Data sheet. The last input of this section is for the number of planned alfalfa 
cuttings. The number that is entered into this cell will automatically prevent from 
program outputs from being displayed for all dates that occur after the last specified 
cutting. This was done so that the sheet will not display information that is not updated. If 
the user wishes to observe crop water use even after the last planned cutting of the year, 
they should simply type the number of planned cuttings +1 in the number of planned 
cuttings input cell. This ensures that the calculations will be continually displayed for the 
rest of the year after the last planned cutting.   
 
Only one more program input is required from the user when using the PISP. Whenever 
an irrigation event occurred on a specific day, the user must input the gross amount 
applied under the Gross Applied column. In order to assist the user in determining what 
the gross amount of applied water is for the given day of irrigation, a simple application 
rate calculator was developed within the Field sheet, which gives the day’s application 
rate given the field size, on field flow rate, and total hours irrigated.  
 
An important component of the field sheet is that it was designed to prompt the user to 
irrigate the field once the specified MAD had been reached or surpassed. When this 
occurs in the program, the Irrigate column will turn from a white blank cell, into a red 
highlighted cell that reads, “YES”. This means that water should be applied to the field as 
soon as possible to ensure that the crop does not enter into transpiration limiting soil 
matrix stress. As soon as the root zone reservoir has been filled sufficiently to make the 
depletion smaller than the maximum allowable amount, the Irrigate column will 
automatically turn back to a blank cell with a white background. The times when the 
MAD was reached or surpassed is summarized in the Annual SMD Chart, which is 
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described in the next section of this report. For further information on the equations and 
logic structures used to develop the Field sheet, see Appendix C. 
 
Annual SMD Chart. The daily soil water depletion is logged and represented 
graphically within the Annual SMD Chart. The chart simply logs the current day SMD 
and shows where the baseline MAD depletion and RAW depletion lines are. This chart is 
interactive in the sense that when the MAD is reached or surpassed in the Field sheet, the 
SMD graphed in the Annual SMD Chart will show that the SMD is below the red 
threshold MAD line. The user also has the ability to see the purple RAW limit line, which 
represents the baseline for the onset of deficit irrigation, when Ks is < 1.0. This chart 
helps to give the user a complete picture of the history of soil water depletion over the 
course of the growing year. The chart also helps the user to see how effective they were 
at applying water to the field at the correct time to avoid transpiration-limiting stress.  
 
Seasonal Kc Chart. Another useful chart that was created was the seasonal Kc chart. This 
chart was designed to show the user what the value of the crop coefficient was for the 
length of the entire growing season. This chart shows how the crop coefficient drastically 
changes once an alfalfa cutting has occurred, as well as how the crop coefficient varies 
from the tabulated Kc’s once other climate parameters are considered. Both the tabulated 
Kc values (represented by the green line) from the Crop Growth Inputs sheet and the 
adjusted Kc values that consider nonstandard climatic effects (represented by pink line) 
are plotted within this chart. Generally, each time the Kc drops from a high maximum to a 
minimum value, a cutting has occurred. Also, when the pink Kc curve drops below the 
green curve, Ks is < 1.0 and crop transpiration becomes limited. The Julian day range in 
which this occurs will directly correspond to the Julian day range in which the SMD line 
in the Annual SMD Chart drops below the RAW limit line.  
 
Cumulative ETc Chart. Throughout the course of the growing season, the crop of 
interest uses a specific amount of soil water each day. This amount is known as the daily 
ETc. The cumulative ETc Chart shows the additive amount of ETc that has occurred for 
the sum of all past dates until the current date. At the end of the year this chart will show 
the user what the annual crop water requirement was. This can be quite useful in 
comparing what the tonnage of yield was for a particular year’s worth of crop 
transpiration. This chart can surely be used for other useful benefits as well.  
 
Annual Forecast Summary Chart. The last chart that is found within the PISP is the 
Annual Forecast Summary Chart. This chart compares the difference observed between 
the actual weekly irrigation need and the predicted or forecasted weekly irrigation need. 
This chart is continually updated as data is logged in the PISP. The main focus of the 
development of this chart was to show how accurate or inaccurate the irrigation 
prediction model was when compared to the actual requirement that was observed for the 
week of interest. This chart displays the actual difference between the two amounts in 
inches/week. All data points that rest on the x-axis represent blank cells that were found 
in the Forecast sheet. The chart is quite useful because it allows the user to see if the 
prediction model needs to be adjusted to better match local conditions.  
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Testing & Evaluation Procedure 
 
In order to test the validity of the PISP, a testing procedure was greatly needed to 
determine if the program would work and how transferable it would be. Before any 
program implementation or comparison was initiated, the program was constantly 
checked and studied for any internal errors that could have occurred from programming 
and designing. Throughout the process of building the program, certain ideas were found 
to not be applicable, while other ideas were generated that greatly helped to build a 
correct program. A great amount of time was spent checking the input ranges and making 
sure that strange anomalies were eliminated as best as possible from the program. 
 
Implementing the PISP with a Real Situation. The accuracy of the program could not 
be determined unless a real situation was modeled. With the help of the ITRC at Cal Poly 
State University San Luis Obispo, a spreadsheet was provided, which had modeled crop 
water use during the 2010 growing year for a client in Palmdale, CA. Conveniently, the 
crop that was modeled was alfalfa hay. The crop was irrigated using a center pivot that 
applied effluent water to the field from a waste facility. An additional advantage of using 
the ITRC model to compare the PISP was that the ITRC model uses the dual crop 
coefficient approach. As mentioned previously, one way that the dual approach differs 
from the single crop coefficient approach is that crop transpiration and soil water 
evaporation are considered separately when determining the crop coefficient. Not only is 
the dual approach more complex in determining the crop coefficient, it also has a larger 
data input requirement to be used effectively. Therefore the ITRC model was a perfect 
platform from which the validity of the PISP could be examined.  
 
Matching the Program Inputs. For proper testing to be conducted, it was necessary to 
match the program inputs from the ITRC model with the inputs used in the PISP model. 
Large efforts were made to pull the necessary inputs from the ITRC spreadsheet by 
consolidating them and converting them into useful numbers for comparison with the 
PISP model. One of the conversions that had to be made was the conversion from MGD 
(mega gallons per day) to in/day (inches per day). Effluent water is commonly metered 
and described using the MGD unit, while farm based irrigation typically uses inches or 
ac-ft to describe irrigation amounts. Separate columns were made in the Excel 
spreadsheets to perform the unit conversions that were necessary in order to make any 
useful comparisons or analyses. The inputs that were taken from the ITRC spreadsheet 
were: alfalfa cutting dates, sub-growth season lengths, root zone depth, soil texture, 
starting season SMD, DUlq, field size, on field flow rate, net irrigation application 
amounts, irrigation dates, annual cumulative ETc, annual Kc values, annual SMD values, 
daily ETo values, precipitation amounts, mean daily wind speed, and RHmin.  
 
Method for Comparing Results. The purpose of the evaluation was to find out how 
similar the two irrigation scheduling programs compared to one another. For the purposes 
of testing, it was assumed that the ITRC program was the standard that was being tested 
against by another program (PISP). All comparisons that were made assumed that the 
ITRC program was the true value, while the PISP program gave the observed values. In 
order to quantify and find the results, several charts were created that showed differences 
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between the two programs. The SMD Comparison chart was created to show how 
different the daily ending depletion differed between the respective programs. The 
Seasonal Kc chart offered a great representation of the annual crop coefficient that was 
logged with both programs. The three data series that exist in this chart are the ITRC 
program estimated Kc’s, the PISP corrected estimated Kc’s, and the baseline single crop 
coefficients found in Table 12 from Allen et al. (1998). The average Kc Comparison chart 
shows the average Kc for each respective part of the sub-growth season, for each set of 
sub-growth seasons for the entire year. This chart was developed so that the crop 
coefficients logged in the Seasonal Kc chart could be more easily understood and used for 
comparison. The Cumulative ETc Comparison chart was a helpful chart that 
demonstrated the actual difference in the sum of the annual ETc that was calculated for 
the growing alfalfa crop using each respective program. The last comparison chart that 
was developed was the Difference in ETc chart. This chart shows the difference in ETc 
(PISP ETc – ITRC ETc) for each day for an entire year. This chart was profitable to the 
results because it showed exactly when the ETc differed the most during the course of the 
growing year.  
 
Testing the Irrigation Forecast Model. The validity and accuracy of the irrigation 
forecast model was quintessential to the program. A test sheet was setup in Excel that 
allowed for adjustment and tweaking of the forecast model until the greatest amount of 
accuracy (least amount of error) was attained. The ITRC program irrigation forecast 
model was inserted into the test sheet so that it could be used as another comparison tool 
when interpreting the results of the forecast testing. Since a whole year’s worth of 
irrigation, precipitation, ETc, and other various variables were already known, the test 
sheet was able to accurately compare the accuracy of the forecast model. This was done 
by setting up separate columns that determined the absolute value of the difference 
between the actual observed weekly irrigation requirements, versus the predicted 
irrigation requirement. A binary counter was also used in a separate column that would 
output the number 1 if the absolute value of the difference between the actual and 
predicted weekly irrigation requirement were above a preset observation value. This 
value was used for comparison purposes so that the number of times that the model was 
inaccurate to a certain limit would be known. Different model parameters were adjusted 
in order to observe the effects that they would have on the prediction model. The results 
of each test were recorded in a summary table that can be found in Appendix E. For 
screenshots of the test sheet, see Appendix D. 
 
  
 
 
 
 
 
 
 
 
 
	  	  
27 	  
RESULTS 
 
 
When analyzing the results from the testing and evaluation procedure, it was found that 
the PISP compared very well with the standard. Over the course of the growing season, 
many of the comparisons proved to show that the single crop coefficient could accurately 
estimate crop water use for the selected crop.  
 
Annual Crop Coefficient Comparison 
 
The Average Kc Comparison chart showed that when averaging the crop coefficient value 
that was determined for each day throughout the entire growing season, the PISP 
overestimated the average Kc found for the ITRC program model by +2%. The average 
Kc for the entire growth year was 1.02 for the PISP program, while the average Kc was 
1.00 for the ITRC program, respectively. When considering the average of each crop 
coefficient separately, Kc ini was 0.378, Kc dev was 0.823, and Kc mid was 1.27 for the PISP 
over the course of the entire year. For the ITRC program model, the average of each crop 
coefficient was 0.350 for Kc ini, 1.03 for Kc dev, and 1.18 for Kc mid. To view the pertaining 
charts that were used to develop the results, see Appendix G. 
 
Annual SMD Comparison  
 
The results from the SMD comparison showed that the average of each daily difference 
of SMD from the PISP compared to the ITRC program was -0.121 in. This means that 
when considering the entire length of the growing season, the PISP slightly 
underestimates what the actual corrected ending depletion in the soil should be. When 
observing the SMD Comparison chart, this finding is affirmed by inspection of the chart, 
since there is slightly more data that lies in the negative portion of the y-axis. Another 
chart that supports this statement is that the Daily Difference in SMD chart that shows the 
magnitude of the difference between each model’s estimated end of the day SMD. 
Slightly more weight of the chart lies below the positive portion of the y-axis, which 
means that the overall average value would be slightly negative. It is clear that for the 
majority of the growing season, the SMD calculated using the PISP has a lesser 
magnitude when compared to the SMD modeled using the ITRC program. When 
considering the absolute value of each difference in daily SMD, it was found that on 
average, the PISP SMD was different from the standard by 0.393 in. Inspection of the 
SMD Comparison chart shows that the PISP estimated that the soil water reservoir was 
completely filled more often than what the ITRC program calculates. The chart also 
revealed that the ITRC program estimates that a longer portion of the growing season will 
experience transpiration limiting soil moisture depletion. Around Julian day 190, Ks 
began to drop below 1.0 for the ITRC model. It was found, however, that the PISP did 
not estimate transpiration limiting soil moisture stress until Julian day 224. The total 
amount of days that the PISP estimated Ks to be less than 1.0 was 32 days out of the 
entire year. However, it was found that the ITRC program estimated that 61 days of the 
entire growing season experienced transpiration limiting soil water depletion. For a 
	  	  
28 	  
complete representation of the charts that were used to develop these relationships, see 
Appendix F. 
 
Alfalfa ETc Comparison  
 
When considering the amount of crop water use over the entire growing season, the PISP 
calculated the annual ETc amount to within -1.05 % of the standard. The sum of the 
annual ETc for alfalfa hay using the PISP model was found to be 67.24 inches, while the 
it was found to be 67.95 inches using the ITRC model. When considering the average of 
the difference between the daily ETc value using the PISP model and the ITRC model, it 
was found that the average ETc value using the PISP model is less than the ITRC model 
by -0.0010 in/day. When taking the average of the absolute value of each daily difference 
in ETc over the course of the growing season, the PISP model differs from the ITRC 
model by 0.0263 in/day. The Difference in ETc chart shows that the ETc differs the most 
between the two models during Lini and Ldev. During Lini, the tabulated value for Kc ini 
using the single crop coefficient approach is generally higher for alfalfa as compared to 
the basal crop coefficient used for the dual crop coefficient approach, thus making the 
ETc generally higher for this period. This makes sense because ETc varies linearly and is 
directly proportional to Kc. During Ldev, the Difference in ETc chart shows that the 
estimated ETc using the ITRC model is greater than the amount estimated using the PISP 
model. Since soil evaporation is considered separately using the dual crop coefficient 
approach that is utilized by the ITRC model, the Kc dev values were shown to always 
eventually rise above the Kc dev values found using the PISP model. The Seasonal Kc 
chart helps to really demonstrate why the ETc differed the way that it did during the 
comparison analysis of the annual ETc relationship. To view the actual charts that were 
used in the comparison of the results for the ETc modeling, refer to Appendix H. 
 
Accuracy of Irrigation Forecast Model 
 
The final irrigation forecast model that was developed for use in the Forecast sheet of the 
PISP accurately modeled the irrigation requirement that was needed for each week of 
irrigation throughout the growing season. When analyzing the average absolute value of 
the weekly difference in the irrigation requirement for the entire growing season, it was 
found that the forecast model produces a weekly predicted irrigation requirement that 
differs from the actual values by only 0.212 inches/week on average. When the absolute 
value of the difference is not taken, but only the pure average is calculated, the predicted 
irrigation requirement is on average 0.029 inches below the actual observed amount. 
There were only 5 instances where the absolute value of the difference between the 
predicted and actual irrigation requirements exceeded 0.5 inches. For the 5 instances 
where the difference in weekly irrigation requirement was greater than 0.5, the average of 
the absolute value of these values was 0.60 inches. Of the available model adjustment 
parameters, only 3 of the parameters increased the accuracy of the prediction model for 
the given situation. The value for each of the parameters was 1.0 for the Ks Reduction 
Prediction, 0.9 for the MAD Reduction Prediction, 0.9 for the Lower Average Kc dev 
Adjustment, 1.2 for the Upper Average Kc dev Adjustment, and 1.0 for the Kc mid 
Adjustment. The next parameter that was adjusted was the amount of previously 
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observed days that should be used in an average to estimate what the average ETo for the 
upcoming week will be. Through a trial and error process, it was determined that a 3-day 
backward average provided the best results and the least amount of prediction error in the 
forecast model. After the model was optimized so that the smallest amount of error was 
attained, the sum of the total predicted irrigation requirement for all weeks for the entire 
year was 202.12 inches (includes DUlq adjustment and previous week ending SMD). The 
actual observed irrigation requirement for the next week (includes observed daily ETc for 
the entire week and previous week’s ending SMD) was found to be 203.64 inches. When 
comparing these two values as percent difference, the prediction model estimated that the 
sum of all weekly irrigation requirements for the entire growing season was -0.7% below 
the actual observed requirement.  
 
For comparison purposes, the ITRC irrigation prediction model was tested with the PISP 
numbers regarding ETo, ETc, and the previous week’s corrected ending depletion. For the 
same reverse ETo average range (3 days previous) the ITRC model predicted that the sum 
of the predicted irrigation needs was 204.09 inches for the entire length of the growing 
season. This produced a difference that was only 0.2% above the true value. However, 
when considering the absolute value of the average of each weekly-predicted irrigation 
requirement for the entire length of the growing season, it was found that the ITRC model 
produced predictions that were 0.428 inches different than the standard values. Also, for 
this model there were 17 instances where the absolute value of the difference between the 
estimated and actual amount was greater than 0.5 inches. The average difference of the 
combined 17 instances was 0.88 inches. There were also 5 cases where the absolute value 
of the difference between the observed and actual values was greater than 1.0 inch. The 
average of these 5 numbers was 1.37 inches. A table that contains the results of each 
iteration attempted during the forecast model testing procedure as can be found within 
Appendix D.  
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DISCUSSION 
 
 
Annual Crop Coefficient 
 
When the results for the annual crop coefficient were analyzed, it was determined that the 
daily crop coefficients that were estimated using the single crop coefficient approach 
compared very well with the coefficients that were estimated using the dual crop 
coefficient approach. When comparing the average crop coefficient over the entire 
growing season, there was almost no significant difference between the separate 
irrigation scheduling programs analyzed. In fact, the average crop coefficient that was 
determined using the PISP was only 2% above the standard that was calculated using the 
ITRC program.  
 
Interpreting the Results of the Kc Comparison. The fact that the overall season 
average for Kc was very close between the two different programs does not shed light as 
to where and why some notable differences in Kc during the sub-seasons occurred. 
During Lini, it was observed that almost no irrigation events occurred during this period 
for the entire growing season (only once did an irrigation event occur during this period). 
This means that the logic that is designed to adjust Kc ini to account for wetting frequency 
did not actually adjust the tabulated Kc ini value. Therefore, excessive evaporation did not 
occur during Lini, and thus the Kc was not increased during this time. The baseline value 
for Kc ini was 0.4 using the single approach, while the baseline Kcb ini using the dual crop 
coefficient approach was 0.2. When observing both the trends found in the Seasonal Kc 
chart and the average values for each crop coefficient that was given in the results section 
of this report, the average Kc ini for that was found using the single approach slightly 
overestimated the actual crop coefficient. However, when the relationship between the 
separate values that were calculated for Kc dev are analyzed, it was found that Kc dev using 
the dual approach always eventually surpasses the Kc dev that was found using the single 
approach for every sub-season that was studied during the testing and evaluation 
procedure. This makes sense because the bulk of the irrigation events occurred during 
Ldev, which would cause Kc dev to rapidly increase for the dual approach, since the 
evaporation component is considered separately.  
 
Single vs. Dual Kc Approach. Correcting for excessive soil evaporation is not 
particularly handled for every growth stage when using the single approach. If a different 
crop were modeled that would have had longer season growth periods, the crop 
coefficient would most likely vary much more than it did for the situation that was 
considered. The reason behind this has a large relationship to how long each growth stage 
is in respect to the entire length of the growing season. 
 
The seasonal average Kc for the PISP that was derived from the test compared very well 
with the ITRC program because Kc mid was only 7.6% above the value found using the 
ITRC model. When observing the inputs for the sub-season lengths, Kc mid accounts for 
82.6% of the entire sub-season length for every sub-season that occurs after the first 
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cutting. This means that the average difference between the crop coefficients calculated 
using each respective program would be most heavily weighted by how accurate the  
Kc mid value is.  
 
More extensive testing would have to be done in the future to determine whether or not 
the single crop coefficient would attain the same level of accuracy that was observed 
during the testing of the program for other irrigation methods and crop types. Allen et al. 
(1998) stated that the single approach is most accurate for surface or sprinkler irrigation 
with greater than 10 day intervals. However, this study showed that under certain 
conditions, the single approach could produce almost identical results in comparison to 
the dual approach. Based off this study, it must be noted that for center pivot irrigated 
alfalfa in an arid climate, the single approach could produce very accurate and satisfying 
results. 
 
Examining the Accuracy of the Soil Water Balance 
 
The driving force behind any estimation of soil water depletion is a soil water balance 
that acts as an account system for all of the inflows and outflows of water in regards to 
the soil water reservoir. As aforementioned in the results section, when the absolute value 
of each difference in daily SMD was considered, it was found that on average, the PISP 
SMD was different from the standard by 0.393 in. Although this number can be used to 
quantify how accurate the PISP determined the average daily SMD, it is somewhat 
misleading for a couple of reasons. Since the corrected end of the day depletion is a 
cumulative number that considers the previous day’s SMD and current day’s ETc 
consumption (among other variables), it does not give a clear picture of the daily 
accuracy of the soil water balance model. This is true because each previous error that 
was made in the SMD calculation (due to differences in calculated and actual ETc) does 
not disappear unless the soil water reservoir is completely refilled. In other words, errors 
are cumulatively added over the course of time. A better relationship that should be 
considered is the daily-calculated ETc. This relationship is better to examine because it 
only considers one component of the soil water balance. Between the two programs, the 
daily net irrigation and precipitation values were the same. The only variables that 
introduce error into the comparison between the SMD of the different models are the 
daily ETc calculation and the previous day’s corrected ending depletion.  
 
Interpreting the Results of the ETc Comparison 
 
In the results section, it was shown that when taking the average of the absolute value of 
each daily difference in ETc over the course of the growing season, the PISP model 
differed from the ITRC model by 0.0263 inches. This difference is very small and gives a 
useful account of how well ETc was modeled throughout the course of the growing 
season. As discussed previously, the calculation involving ETc is directly and 
proportionally related to the crop coefficient. It is no surprise that the PISP estimated that 
the cumulative ETc for alfalfa was only 1.05% below the standard value that was taken 
from the ITRC irrigation scheduling program. The high level of calculation accuracy can 
be attributed to the fact that the average of the Kc value for the entire growing season was 
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2% over the value standard value. Having an accurate Kc value will ensure that the 
calculation for ETc will also be accurate.  
 
When observing the Difference in ETc chart, many useful conclusions can be drawn. The 
chart shows the difference in ETc between the two programs by subtracting the daily ETc 
from the PISP with the daily ETc from the ITRC program. The difference in ETc during 
Lmid was shown to be very minimal, and in many cases close to zero. The comparison 
illustrated within the chart shows that there are certain times of the growing season when 
the difference observed is positive, and other times when the difference is negative. For 
the situation that was evaluated, the relationship that was observed was very consistent. 
For most cases where the difference is positive, the day of ETc occurred during Lini or 
Lmid. For most cases where the difference between daily ETc was negative, the day of ETc 
occurred during Ldev. As previously discussed, the estimated Kc during the periods of Lini 
and Lmid were observed to generally be larger than the Kc developed from the ITRC 
program. This ultimately means that the ETc will also be larger during those periods. This 
was the case for the majority of Lmid for each sub-season that occurred throughout the 
course of the growing season. Conversely, when the Kc value for the PISP is less than Kc 
value for the same day in the ITRC program, ETc will be lower for that day.  
 
Effectiveness of the Irrigation Forecast Model 
 
Perhaps the most substantial achievement of the PISP was the development of a very 
precise irrigation prediction model. It was shown that the average absolute values of the 
weekly difference in the irrigation requirement for the entire growing season differed 
from the actual values by only 0.212 inches/week. It was found that the average of all 
values for the observed irrigation requirement/week was 3.92 inches/week. The average 
difference of 0.212 only represents 5.4% of the actual average weekly amount. For an 
irrigation prediction tool to estimate the upcoming week’s irrigation requirement with an 
error of just over ±5% error is remarkable.  
 
Impact of Forecast Model on Irrigation Scheduling. There exists a great need in the 
farming community for an irrigation scheduling tool that will not only predict what the 
future irrigation requirements will be, but would also inform the irrigator or farm 
manager how many irrigations they will need for the upcoming week to completely refill 
their field’s root zone back to field capacity. This feature is one of the shining points of 
the forecast model. It provides irrigators with a straightforward estimate of the upcoming 
week’s irrigation requirement without requiring a plethora of climatic or weather inputs. 
In fact, the only inputs that are required for the forecast model to work are the daily 
values for ETo, Kc’s, cutting dates, and IE or DUlq. Even if the user does not know what 
the IE or DUlq is for the system, an estimated value can be used to ensure that the gross 
amount of water supplied will be enough to properly irrigate the given crop.  
 
This tool could also greatly help farm managers or irrigators to determine how many 
irrigations they can apply before they plan to cut their alfalfa hay. For surface applied 
irrigation, irrigators must think about how and when they will irrigate the growing alfalfa 
crop to ensure that the irrigation date will not conflict with the harvesting options. At the 
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least, the PISP program will be able to show the user the effects of what will happen to 
the SMD for the upcoming week if no irrigation or precipitation events occur. Another 
feature of the forecast model is that it can help prevent over or under-irrigation and even 
excessive runoff for certain irrigation methods. In particular, surface irrigated alfalfa 
often is grown in fields where irrigators let the water run on the field for large amounts of 
time that can result in excessive amounts of runoff water. The benefit of letting water 
runoff the end of the field has a large dependency on the situation and environment, and 
cannot be simply dismissed as a waste. However, any non-beneficial runoff can perhaps 
be prevented if the irrigator has a better idea about how long and how much to irrigate.  
 
The beauty of the model is that it is not constrained to any one situation or environment. 
With the implementation of the adjustable model parameters, one can adjust the model to 
fit a given situation. The model only uses recent data that has been acquired within the 
last few days to make irrigation requirement predictions. One unanswered question is 
whether or not the model will maintain the accuracy that was found for the tested 
situation when applied to other crops. The answer to this question could only be attained 
through more extensive research and study. The model was specifically setup to model 
the needs required by alfalfa hay, but could certainly be adapted to handle other crops as 
well.  
 
Although the model was shown to be extremely accurate at estimating daily crop water 
use, it should by no means be considered as the absolute authority on what actually 
happened within the field. As previously discussed, the importance of field checks is 
essential to effectively use the PISP. By using a variety of soil moisture sensing devices, 
as well as having a firm understanding of one’s own agricultural region, the user should 
make informed decisions about irrigation scheduling that are not purely based in theory.  
 
Responding to a Need 
 
The purpose of developing the PISP was to provide farm managers and irrigators with a 
tool that would help keep track of crop water usage and inform them when, how much, 
and how often to irrigate. The program interface needed to be designed so that simplicity 
and ease of use were high priorities. As previously discussed in the literature review, 
there are many other requirements that are needed when devising an irrigation scheduling 
program. Of all the requirements given by Hess (1996), Jensen et al. (1971), and Pleban 
and Israeli (1989), all were met by the PISP.  
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RECOMMENDATIONS 
 
 
Although the development, design, and accuracy of the PISP were full of successes, 
many changes and improvements could still be made to improve the usefulness and 
accuracy of the program. The focus of the program was to design an irrigation scheduling 
tool that could accurately model the unique requirements of alfalfa hay for an entire year. 
Though this was ultimately achieved, the PISP was not specially modeled or designed for 
use with different crops. This is not to say that it would not be possible to model other 
crops with the developed program. In fact, the program needs only minor adjustments 
and changes to be able to model a variety of other crops besides alfalfa hay. An 
improvement that could be made to the design of the program would be to make drop 
down menus that allow for the user to select their crop from a provided list. The results of 
choosing an option of the drop down list would automatically log crop specific data into 
the various input areas. This would reduce the amount of input work that the user would 
have to do when using the PISP.  
 
The PISP model was tested against only one actual scenario. This limits the amount of 
confidence that can be had in the program to perform just as well in other situations. At 
this point, one can only speculate as to how accurate the program would be at modeling 
other systems where crop type and irrigation method vary from the example that was 
tested. A recommendation for future development of the program would be to gather 
even more information about other real situations that were recorded from the past. By 
gathering a variety of data that represents several population types, a more encompassing 
analysis could be performed on the PISP. This improvement would also help to identify 
situations where the program is ineffective and less accurate than the current scenario that 
was tested.  
 
An extensive amount of time was devoted to make the manual lookup procedure outlined 
by Allen et al. (1998) automatic for finding the adjusted Kc ini value. It was not realized 
until after the completion of the program that alfalfa is one of the few crops that does not 
usually receive water during the stages of Lini. This happens because harvesting 
operations prevent any irrigation from being done. Therefore, work must be done in the 
future to test the PISP with a crop and a growing situation that would test the validity of 
the automatic lookup procedure that was developed for use during Lini.  
 
Another recommendation that would improve the program would be to incorporate more 
variables into the calculation procedure for determining crop water use. Some variables 
that were not considered were a partially wetted irrigation surface, detrimental soil 
salinity, capillary rise, runoff, and other various system losses (spray or wind loss with 
sprinkler style irrigation). Incorporating these variables into the program would provide a 
much more encompassing picture of the reality of the environment. Describing a real 
situation can be quite difficult, but the implementation of the above listed variables would 
contribute to a more complete model that would provide the best resource for estimating, 
tracking, and monitoring crop water use.  
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HOW PROJECT MEETS REQUIREMENTS FOR THE BRAE MAJOR 
 
Major Design Experience 
 
The project must incorporate a major design experience. Design is the process of devising 
a system, component, or process to meet specific needs. The design process typically 
includes the following fundamental elements as outlined below. This project addresses 
these issues as follows. 
 
Establishment of Objectives and Criteria. Project objectives follow closely with 
solving the problem of having irrigation scheduling programs that are not user-friendly to 
farmers that do not have extensive schooling on crop and soil science. See Design 
Parameters and Constraints below for specific objectives and criteria for the project.  
 
Synthesis and Analysis. The project will consist mostly of detailed computer 
programming using Microsoft Excel. The adequacy of the program was tested against an 
actual farming situation, and was compared with another irrigation scheduling program 
provided by the ITRC. 
 
Construction, Testing and Evaluation. The program was constructed using a great 
amount of programming logic. The program was tested for errors with various theoretical 
examples, and was also tested and evaluated for accuracy by comparison with another 
irrigation scheduling tool that was used as the standard reference.  
 
Incorporation of Applicable Engineering Standards. This project closely followed the 
requirements given from FAO 56 for computing crop evapotranspiration using the single 
approach. The purpose of this program was to notify growers when and how much to 
irrigate their crops, so that water-use efficiency and crop yield could be maximized. 
 
Capstone Design Experience 
 
The BRAE senior project is an engineering design project based on the knowledge and 
skills acquired in earlier coursework (Major, Support and/or GE courses). This project 
incorporates knowledge/ skills from these key courses.  
§ BRAE 236 Principles of Irrigation 
§ BRAE 331 Irrigation Theory 
§ BRAE 414 Irrigation Engineering 
§ CSC 231 Computer Programming for Engineers 
 
Design Parameters and Constraints  
 
The project addresses a significant number of the categories of constraints listed below.  
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Physical. The program was programmed so that it is easy to open, save, and use on a 
variety of operating systems. The file size of the Excel document must be regulated so 
that using the program does not become cumbersome for an operating system. 
 
Economic. By using this program, growers are able to more effectively use their water 
supply. If water use efficiency can be improved, then there will be significant economic 
returns and savings for growers.  
 
Environment. A large benefit of this project will be reducing both over and under 
irrigation of crops. Reducing over irrigation will reduce runoff from fields, which often 
contaminates fresh water supplies. Reducing under irrigation will reduce soil water stress 
on crops, which can lead to crop damage. Water use will be minimized, which will 
reduce the amount of non-beneficially used water.  
 
Sustainability. N/A 
 
Manufacturability. The program is easy to distribute since it is created using a common 
spreadsheet computer program. 
 
Health and Safety. N/A 
 
Ethical. The use of this program will help to justify water use that is required to properly 
irrigate crops in areas where there is not adequate rainfall to meet the requirements of 
crop evapotranspiration. 
 
Social. N/A 
 
Political. A large benefit of using this program effectively is that that amount of 
inefficiently used water will be reduced, which will aid in meeting increased regulation 
and expectation of irrigation efficiency on a farm level. 
 
Aesthetic. The program was designed so that it is visually pleasing and easy to follow 
and understand. 
 
Other – Productivity. N/A 
 
 
 
 
 
 
 
 
 
 
	  	  
40 	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX B 
 
Kc ADJUSTMENT 
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Adapted from Figure 29, Allen et al. (1998) 
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Adapted from Figure 30, Allen et al. (1998) 
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Adapted from Figure 30, Allen et al. (1998) 
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APPENDIX C 
 
EQUATION FLOW CHARTS 
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APPENDIX D 
 
SCREEN SHOTS 
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  Screen shot from Crop Growth Inputs sheet from the PISP 
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  Screen shot from Cutting Dates sheet from the PISP 
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  Screen shot from Weather Data sheet from the PISP 
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Screen shot showing conditional formatting from Crop Growth Inputs sheet from the PISP 
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  Screen shot from the Forecast sheet from the PISP 
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  Screen shot from the Field sheet from the PISP 
	  	  
85 	  
  
Screen shot of background computations from the Field sheet of the PISP 
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Screen shot of background computations from the Field sheet of the PISP 
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Screen shot of background computations from the Field sheet of the PISP 
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Screen shot of background computations from the Field sheet of the PISP 
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Screen shot of background computations from the Field sheet of the PISP 
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Screen shot of background computations from the Field sheet of the PISP 
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APPENDIX E 
 
IRRIGATION FORECAST ANALYSIS 
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APPENDIX F 
 
SMD COMPARISON 
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APPENDIX G 
 
Kc COMPARSION BETWEEN TWO MODELS 
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APPENDIX H 
 
ETc COMPARISON 
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APPENDIX I 
 
UPLOADING WEATHER INTO WEATHER DATA SHEET 
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Transferring CIMIS Data to the Sheet 
 
It is important that the user has access to an Internet connection so that CIMIS data can 
be obtained for the calculations in the Field sheet. It is free to become a registered user on 
the CIMIS website. Registration is required in order to obtain the data required for the 
use of the PISP. Follow the procedure given below to transfer CIMIS data from the 
website to the AISP once registered: 
 
1. Copy and Paste http://wwwcimis.water.ca.gov into the web browser  
 
2. Click on the MY CIMIS tab on the home page  
 
3. Under “Account Management”, click on Registration  
 
4. Fill in the required fields to complete the registration process 
 
5. Then click on the CIMIS DATA tab near the top of the page  
 
6. On the left side of the screen, under the “Registered User” section, click on the “Daily” 
button  
 
7. The page will then display the different options for obtaining a CIMIS Data report 
- There will be a station list that displays all of the active CIMIS stations  
- Sort through the available stations and find a station location that is closest to the 
location of the field of interest.  
- Select one of the stations by clicking on it 
 
8. Under the Units section on the same page, select Metric as the units for the report data  
 
9. The next section that needs to be customized is the Data Range 
- Ensure that the start date corresponds with the start date in the Field sheet 
- CIMIS data is accessible for all days before the current date of the year. If the user 
Accesses the CIMIS site on 05/12/12, for example, then CIMIS data will be available for 
every day before 05/12/12, including 05/11/12. 
- The CIMIS website default date range is for the previous 7 days  
- CIMIS data can be logged on a daily, weekly, or monthly basis when using the PISP  
- Choose the “End Date” to be the day prior to the date the website is accessed to provide 
the most current information for the PISP  
 
10. Next, for the Reporting Method, choose CSV with Headers  
 
11. Click on the Submit button at the bottom of the page  
 
12. Open the file in the following ways, depending on the user’s operating system: 
-Mac users: in the downloads folder, double-click on the report file daily-#.csv 
-PC users: when the display asks whether to Open or Save the file, click Open  
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13. The report will now be opened in Microsoft Excel. Copy the information as follows: 
-Mac users: press the keys “command: and “A” at once on the keyboard to select the data 
-Then press the keys “command” and “C” at once to copy the selected information  
-PC users: press the keys “control” and “A at once on the keyboard to select the data  
-Then press the keys “control” and “C” at once to copy the selected information 
 
14. Now open the PISP and go to the Weather Data sheet.  
 
15. Make sure that the upper left cell labeled is selected. Press the keys “command” or 
“Control” (depending on operating system) and “V.” to paste the selected data into the 
“Weather Data” sheet.  
 
16. If this is the first time the user enters data into the sheet, make sure that the cell 
uppermost cell on the left side of the screen is selected. If the user is adding more data to 
a sheet that already contains data, simply select the first blank cell in column A that 
follows the last filled in cell, which should be the Station ID column. 
 
17. As the growing season progresses simply repeat the above steps and continue to log 
in the most current CIMIS Data. 
